Biological actions of GH on muscle growth and metabolism are mediated through specific trans-membrane receptors. The aim of this study was to determine GH receptor (GHR) mRNA expression in muscle atrophy. GHR gene expression in the rat was investigated by in situ hybridization and RT-PCR in slow-twitch oxidative muscle [soleus (SOL)] and fast-twitch glycolytic muscle [extensor digitorum longus (EDL)] after 7 and 35 d of hindlimb unloading. In control rats, the RT-PCR mRNAs levels of GHR were greater (؉34%) in EDL compared with SOL. At single fiber level, relative expression of GHR mRNA increases in the following order: IIb>IIa>I. After hindlimb unloading, GHR expression significantly increased in atrophied SOL muscle after 7 (؉170%) and 35 (؉220%) d, whereas no significant alterations appeared in the EDL muscle. At the individual fiber level, in situ hybridization demonstrated this increase was accounted for by an increase in type I fiber expression of GHR transcripts. This increase was also seen in the EDL, but the low content of type I fibers in EDL resulted in a nonsignificant increase in GHR transcript content. The present data suggest that muscle atrophy is associated with a muscle fiber type-specific GHR mRNA up-regulation mechanism that helps protect atrophying fibers in EDL but might be part of an attempt to repair in SOL. (Endocrinology 144: 3692-3697, 2003) S USTAINED HYPOKINESIA-HYPODYNAMIA induces a progressive weakness of the antigravity postural skeletal muscles (1, 2). In rat hindlimbs, extensor muscles show greater atrophy than flexor muscles, due to the removal of their function in supporting body weight. In addition to muscle atrophy, a general shift in the contractile and enzymatic profiles of a slow-twitch oxidative muscle toward that of a fast-twitch glycolytic muscle was reported (1). Effective countermeasures known for their anabolic effects on skeletal muscle were defined to minimize muscle atrophy in hindlimb unloaded rats. They involved resistive exercise and/or GH/IGF-I administration (3-6). Collectively, these studies indicate that only a combination of GH/IGF-I and resistance exercise attenuates atrophy of unloaded fast-twitch skeletal muscles.
Biological actions of GH on muscle growth and metabolism are mediated through specific trans-membrane receptors. The aim of this study was to determine GH receptor (GHR) mRNA expression in muscle atrophy. GHR gene expression in the rat was investigated by in situ hybridization and RT-PCR in slow-twitch oxidative muscle [soleus (SOL)] and fast-twitch glycolytic muscle [extensor digitorum longus (EDL)] after 7 and 35 d of hindlimb unloading. In control rats, the RT-PCR mRNAs levels of GHR were greater (؉34%) in EDL compared with SOL. At single fiber level, relative expression of GHR mRNA increases in the following order: IIb>IIa>I. After hindlimb unloading, GHR expression significantly increased in atrophied SOL muscle after 7 (؉170%) and 35 (؉220%) d, whereas no significant alterations appeared in the EDL muscle. At the individual fiber level, in situ hybridization demonstrated this increase was accounted for by an increase in type I fiber expression of GHR transcripts. This increase was also seen in the EDL, but the low content of type I fibers in EDL resulted in a nonsignificant increase in GHR transcript content. The present data suggest that muscle atrophy is associated with a muscle fiber type-specific GHR mRNA up-regulation mechanism that helps protect atrophying fibers in EDL but might be part of an attempt to repair in SOL. (Endocrinology 144: 3692-3697, 2003) S USTAINED HYPOKINESIA-HYPODYNAMIA induces a progressive weakness of the antigravity postural skeletal muscles (1, 2) . In rat hindlimbs, extensor muscles show greater atrophy than flexor muscles, due to the removal of their function in supporting body weight. In addition to muscle atrophy, a general shift in the contractile and enzymatic profiles of a slow-twitch oxidative muscle toward that of a fast-twitch glycolytic muscle was reported (1). Effective countermeasures known for their anabolic effects on skeletal muscle were defined to minimize muscle atrophy in hindlimb unloaded rats. They involved resistive exercise and/or GH/IGF-I administration (3) (4) (5) (6) . Collectively, these studies indicate that only a combination of GH/IGF-I and resistance exercise attenuates atrophy of unloaded fast-twitch skeletal muscles.
GH is known to take direct action on cellular differentiation and proliferation (7) (8) (9) (10) , including induction of a number of RNA species in mammalian tissues (11) . GH biological actions on growth and metabolism are initiated by binding the hormone to its receptor (GHR), a member of the cytokine receptor superfamily (12, 13) followed by receptor dimerization (14) . The GHR lacks intrinsic tyrosine kinase activity, but upon ligand stimulation, receptor phosphorylation is induced by its physical association with the nonreceptor tyrosine kinase Janus kinase 2 (15) . Src homology 2 domains of the latent cytoplasmic signal transducer and activator of transcription factors are subsequently recruited to phosphorylated tyrosine residues of the GHR. The mechanism according to which the GHR mediates the general pleiotropic and specific somatic responses to its ligand have only recently begun to be understood (16, 17) .
The aim of our study was to determine the GHR mRNA expression in different single muscle fibers and then to investigate the physiological consequences of atrophy on this expression in a slow-twitch oxidative [soleus, SOL] and a fast-twitch glycolytic muscle [extensor digitorum longus (EDL)] after 1 and 5 wk of hindlimb unloading. Relative expression of GHR on whole muscles was assessed by macroautoradiography along with a specific RT-PCR. As muscle atrophy is fiber type specific (1), in situ hybridization was performed on muscle sections to further identify the GHR mRNA expression per single fiber type, i.e. slow-twitch, oxidative (type I), fast-twitch oxidative-glycolytic (type IIa), and fast-twitch glycolytic (type IIb).
Materials and Methods

Experimental animals
The experiments were performed on 30 female pathogen-free Wistar rats, weighing 240 -270 g (IFFA Creddo, St. Germain sur l'Arbresle, France). The rats were housed in a temperature-controlled room (22 Ϯ 2 C) with a 12-h light, 12-h dark cycle and were fed with water and Purina laboratory chow ad libitum. One week later, these animals were divided into three groups. Two groups were hindlimb suspended for 7 and 35 d in individual cages using Morey's tail-suspension model (18) . The other rats were used as controls. The animal care and experiments were carried out in the animal facilities of the Faculté de Médecine (Université Lyon I, Lyon, France), according to the NIH guidelines for the care and use of laboratory animals. All the rats were anesthetized through inhalation of halothane. The SOL and the EDL muscles were removed from the hindlimbs for histochemical in situ hybridization and RT-PCR analyses.
of each muscle was mounted in an embedding medium (TEK O.C.T. compound, Labonord, Paris, France) and stored at Ϫ80 C. Serial transverse sections (10 m) were cut on a microtome at Ϫ30 C and stained by myosin ATPase activity (19) . After preincubation at pH 4.4 in acid buffer (50 mm acetic acid) with 25 mm CaCl 2 for 4 min at 25 C, the ATPase reaction was carried out in a buffer (pH 9.4) with 18 mm CaCl 2 and 2.7 mm ATP at 37 C for 20 min. Based on observed differences in pH lability of the myosin ATPase activity of the isomyosins in the different fibers, the muscle fibers were classified into three major types, type I (slowtwitch, oxidative), type IIa (fast-twitch, oxidative-glycolytic) and type IIb (fast-twitch, glycolytic) and intermediate fiber types (int I or IIc and int II or IIab). Distribution of fiber types was expressed as the number of fibers of each type relative to the total number of fibers. Measurements were made on a minimum of 600 fibers on each section. The crosssectional areas of fiber types were calculated with a computerized planimetry system coupled with a digitizer (Visioscan software, Biocom, Paris, France).
In situ hybridization (ISH)
Probes. To detect GHR mRNA, two 30-mer oligodeoxyribonucleotide sense and antisense probes were synthesized (Eurobio, Les Ulis, France). The probes were complementary to nucleotides 6 -35 localized in the exon 3, and 46 -75 in the exon 4, according to the reported GHR cDNA sequence (20) . The probes were 3Ј end-labeled with [
35 S]deoxy-ATP (Amersham Bioscience, Les Ulis, France) and were purified as previously described (21) . The mean of the probes' specific activity was 1000 Ϯ 108 Ci/mm. Random priming was performed for the cDNA labeling using a multiprime DNA labeling system kit (Amersham Bioscience). The specific activity of the 18S probe was 1132 Ci/mm. Hybridization and detection procedures. As previously described (21), frozen sections were first fixed for 10 min in paraformaldehyde 4% before pretreatment. Sections were digested with 1 g/ml proteinase K (Roche Diagnostics, Meylan, France) in a Tris (20 mm)-CaCl 2 (2 mm) buffer for 30 min at 37 C. The slides were dehydrated in a graded ethanol series and were then air-dried. Following this, sections were covered with hybridization buffer containing 50% deionized formamide, 10% dextran sulfate, 4ϫ standard saline citrate (SSC) (1ϫ SSC; 0.15 m NaCl; 0.03 m sodium citrate, pH 7.0), 1ϫ Denhardt's solution (50ϫ Denhardt's solution, 1% BSA, 1% Ficoll 400, 1% polyvinylpyrrolidone), 100 g/ml yeast tRNA, 10 mm dithiothreitol, and labeled probes (2.5 pm/ml of hybridization cDNA buffer). An ISH was performed overnight at 40 C. The sections were then washed sequentially in 2ϫ SSC for 1 h at room temperature, 2ϫ SSC for 45 min at 48 C and 1ϫ and 0.5ϫ SSC for 30 min each at room temperature. To obtain a semiquantitative estimation of gene expression in each muscle, the ISH signals were analyzed directly on macroautoradiographic film. Dehydrated sections were apposed under autoradiographic film (Hyperfilm [ 3 H], Amersham Bioscience) for 14 -15 d at room temperature. For microautoradiographical purposes, the slides were dipped in NTB2 nuclear emulsion (Kodak, Paris, France), exposed at 4 C for 7-15 d, and then developed in D19 (Kodak) diluted (1:1) and counterstained with Hemalun eosin (Labonord). Controls of the specificity of the ISH were done with a labeled sense oligonucleotide probe specifically for GHR mRNA and a heterologous probe (chicken uncoupling protein 3 cDNA) for 18S rRNA.
Semiquantification of the ISH.
A semiquantitative analysis of gene expression was performed on more than 50 macroautoradiograms from 10 samples of muscle for each group. Detection of GHR and 18S mRNAs was run through the same hybridization, washing and detection assays to render the signal levels comparable. The levels of mRNA in each sample were determined in at least four separate experiments. Autoradiograms were analyzed under constant parameters, using a densitometric computer imaging system (Qwin software, Leica, Lyon, France). Optical densities for each sample were measured on autoradiograms and on homogenous areas excluding artifacts and were then averaged. The nonspecific signal in each sample was measured using the sense or the heterologous probe and was subtracted from each measurement. A linear relationship (standard curve) with a slope depending on exposure time was found by single regression between OD values of the standards and their corresponding radioactivity. It was then possible to compare the different radioactivity values, which were expressed in arbitrary units, by inserting the OD value of each sample into the standard curve equation.
The density of autoradiographic silver grains was assessed using the Visioscan computerized program (Biocom) interfaced with an Eclipse E-600 microscope (Nikon, Rollay, France) equipped with a charge-coupled device Sony DXC950 camera (Clichy, France). Three sections from each muscle were analyzed for GHR mRNA and 18S rRNA quantification and a total of 600 fibers were considered for each animal. Once the area corresponding to the cellular surface was delimited under bright-field illumination (ϫ20 objective), the computer measured the surface of the area. The grain density per surface unit was measured under a ϫ60 epipolarization objective.
RT-PCR. Total RNA was extracted using the guanidinium thiocyanate method (22) . The amount of RNA was determined by absorbance at 260 nm. One microgram of total RNA was primed using polyT and Moloney murine leukemia virus reverse transcriptase. Reverse transcriptase reaction products were amplified with 30 cycles of PCR on a thermal cycler (Perkin-Elmer Life Science, Courtaboeuf, France) using 1 U/l Taq DNA Polymerase. PCR was then performed using specific primers of the GHR sequence for the sense (5Ј-GAG GAG GTG AAC ACC ATC TTG GGC-3Ј) and for the antisense (5Ј-ACC ACC TGC TGG TGT AAT GTC-3Ј). A fixed amount of nonhomologous DNA fragment (mimic) containing the GHR primer-templates was coamplified with the target cDNA to normalize tube-to-tube variations in amplification efficiency. The hot start method was employed and each cycle consisted of denaturing at 94 C for 45 sec, annealing at 69 C for 45 sec, and extension at 72 C for 1 min, following with 10 min at 72 C. Amplified products and mimic (691 bp and 533 bp, respectively) were separated and analyzed on a 2% agarose gel stained with ethidium bromide. The relative intensity of the bands was acquired and quantitated by Kodak Digital Science1D Image Analysis Software using a Kodak Digital Science camera (DC 120). The target cDNA-to-mimic ratio was used as a relative estimate of mRNA abundance on account of the linear relationship between the increased amount of target mRNA in the assay and target cDNA-to-mimic ratios.
Statistical analysis
Statistical analysis was performed using one-way ANOVA, followed by Student's t test. Differences were considered significant at P Ͻ 0.05. The levels of the signals obtained after hybridization were expressed as the mean Ϯ sem.
Results
Muscle atrophy and fiber type percentage distribution
Atrophy of the SOL muscle was greater than for the EDL muscle. Compared with control SOL (119.1 Ϯ 5.8 mg), SOL wet weight was significantly lower after 7 (70.8 Ϯ 1.4 mg) and 35 (38.1 Ϯ 5.3 mg) d of unloading. In EDL, only a slight decrease occurred in muscle mass after 7 (109.7 Ϯ 7.6 vs. 130.7 Ϯ 8.2 mg in control rats) and 35 (111.5 Ϯ 9.4 mg) d of hindlimb unloading.
In the control SOL, a slow-twitch muscle, 89.9% of muscle fibers were type I, 1.5% type IIc, and 8.6% type IIa ( Table 1) . As previously described (1), structural changes occurred depending on the duration of hindlimb unloading. A decrease in the percentage distribution of type I fibers (Ϫ19 and Ϫ36% after 7 and 35 d, respectively) was observed with a concomitant increase of type IIc and IIa fibers. In the control EDL muscle, a fast-twitch muscle, 66.9% of muscle fibers were type IIb (Table 1) . No significant differences were observed after unloading (Table 1) .
GHR expression in SOL and EDL muscles
On macroautoradiograms obtained from whole muscle sections of control rats, the ISH signal (GHR mRNA expres-sion) was higher in EDL compared with SOL muscle (Fig. 1 ). An apparent discrepancy in fiber GHR mRNA expression was due to the different reference area used for the analysis. In single muscle fiber, no significant difference in the ISH signal, i.e. silver grains measured on adjacent sections, was observed among fiber types if the GHR mRNA expression was expressed per fiber cross-sectional area (histochemically characterized by myosin ATPase staining) (Fig. 2, A and B) . We should point out that GHR mRNA is not randomly distributed in single fiber sections because GHR mRNA is mainly localized in the cytoplasmic matrix but is not found in the myofibrillar lattice. Consequently, sections of single muscle fibers were hybridized against 18S rRNA as a marker for RNA content according to Habets et al. (23) . If the intensity of ISH was estimated per single fiber type 18 S rRNA expression, significant differences in GHR mRNA expression could be observed among different fiber types in SOL and EDL muscles (Fig 3) . Type IIa fibers showed a higher GHR mRNA expression than type I, both in SOL (ϩ150%) and EDL (ϩ200%) muscles (Fig. 3) . In EDL muscles, the highest GHR mRNA expression was observed in type IIb muscle fibers (Fig. 3) .
In hindlimb-suspended rats, the ISH signal on macroautoradiograms was significantly higher in SOL muscle after 7 (ϩ5%) and 35 (ϩ15%) d of suspension respectively, whereas no significant alterations were reported in EDL muscle (Figs.  1 and 4) . GHR cDNA-to-mimic ratio (measured by semiquantitative RT-PCR) was higher in EDL than in SOL (ϩ34%) and also increased in unloaded SOL muscle after 7 d (ϩ170%) and 35 d (ϩ220%) (Fig. 5) . However, at single fiber level, when the intensity of the ISH signal was estimated per single fiber type 18S rRNA expression (Fig. 3) , the difference in type II vs. type I GHR expression decreased after 7 d in SOL muscle and was abolished after 35 d of unloading in SOL muscle. This normalization occurred earlier in EDL muscle, as no difference in GHR transcript expression was seen between types I, IIa, and IIb fibers by 7 d of unloading. In SOL, GHR expression increased by 74% in type I fibers after 35 d of unloading, whereas in EDL, GHR expression increased by 460% in type I and by 90% in type IIa fibers only after 7 d of unloading (Fig. 3) , but because 1) these types were responsible for only a minority of fibers and 2) no change occurred in the percent distribution of unloaded fibers, it did not result in a significant overall increase in EDL GHR transcripts (Fig.   FIG. 1 . Gene expression of the GHR in SOL and EDL muscle sections detected on macroautoradiograms after 7 and 35 d of hindlimb unloading. *, Significantly different from control, P Ͻ 0.05. 5). In contrast, the higher GHR mRNA expression reported in unloaded SOL muscle, was primarily due to the decrease in the percentage of type I fibers (expressing less GHR) with a concomitant increase in type IIa fibers but also due to the up-regulation of GHR in type I fibers.
Discussion
For the first time, this study demonstrated GHR mRNA expression in three rat muscle fiber types, one slow-twitch, oxidative (type I), and two fast-twitch (oxidative-glycolytic, type IIa and glycolytic, type IIb). Without consideration for the fiber type, whole muscle macroautoradiograms showed that an EDL expressed more GHR mRNA than a SOL. When GHR transcript content was expressed per 18S rRNA, marked differences were seen between fiber types I, IIa, and IIb, which resulted in a higher expression of GHR transcripts in fast fibers relative to slow fibers. This differential expression of GHR mRNA between a slow-twitch (SOL) and a fast-twitch muscle (EDL) from normal control rats were consistent with the unloading-induced GHR mRNA up-regulation in the SOL muscle. During muscle atrophy, a general shift occurs in the contractile and enzymatic profiles of a slow-twitch oxidative muscle toward that of a fast-twitch glycolytic one. Interestingly, both unloading (1) and hypophysectomy (24) induced a reduction of the proportion of type I fibers counterbalanced by the appearance of hybrid or intermediate fibers (type IIc) in SOL muscle. We would speculate that a possible feed-back mechanism involving GHR mRNA up-regulation might at least partly compensate for the reduction of GH secretion (25) and the reduced protein synthesis (5) induced by muscle unloading and hypokinesia (decreased motor activity).
In control SOL and EDL muscles, the GHR mRNA expression increased in the order type IIbϾIIaϾI. During muscle atrophy, differences in fiber GHR expression decreased as if all fibers had elevated their GHR expression from a slowtwitch oxidative to a fast-twitch glycolytic fiber type transition. Unloading-induced muscle atrophy is associated with an increase in fibers containing double-stranded DNA fragmentation after 14 d of hindlimb unloading (26) . A loss of myonuclei occurs, but whole muscle cells are not lost. A recent study shows that muscle atrophy is associated with an activation of an alternative nuclear factor-B pathway suggesting a mechanism through which atrophying fibers are protected from cell death (27) . GH/IGF-I treatment improves the apoptosis associated with hindlimb unloading (28) . These observations, combined with the transition from fast (type II) to slow (type I) muscle fibers in hypophysectomized rats after human GH injection (24) , suggest a role for GH in countering muscle disuse atrophy. Up-regulation of muscle GHR would lessen fiber apoptosis by initiating a survival signal involving activation of the nuclear factor-B pathway and its targets, Bag-1 and Bcl-2, as reported in Ba/F3 cells (29) . The SOL muscle was atrophied to a greater extent than the EDL muscle as reported in previous studies (1, 2) . In control SOL muscles, a higher expression of GHR was initially observed in type I fibers, but this obviously did not protect them during unloading. Moreover, GHR mRNA was only up-regulated in type I fibers at 35 d of unloading after most of the soleus atrophy had occurred. In contrast, a rapid (7 d) and greater up-regulation of GHR expression was evidenced in single EDL muscle fibers (types I and IIa), suggesting that protection might have occurred in the unloaded EDL muscle. Thus, the present data suggest that muscle disuse atrophy is associated with a muscle-fiber-type specific GHR mRNA up-regulation mechanism that helps protect atrophying fibers in EDL but might be part of an attempt to repair in SOL muscle.
